∘ reconstructed interface layer. This interface layer consists of carbon atoms in a graphene-like honeycomb arrangement which, however, due to strong covalent bonds to the SiC substrate does not exhibit a graphene-like electronic structure. It is often referred to as buffer or zerolayer (ZL). The interface contains a high density of surface states that induce a very high electron doping level in the range of 1⋅10 13 −2 in the overlying graphene layers. An elegant way to circumvent the influence of this interface was recently demonstrated by passivating the interface states with hydrogen [1] . Upon hydrogen intercalation the buffer layer is relieved from the substrate and turns into quasi-free standing graphene as the formerly covalent bonds are broken and all Si atoms of the SiC are saturated with hydrogen. In the present work we show that Ge not only can intercalate between the ZL and the SiC(0001) substrate, but the electronic structure of graphene can even be tuned and patterned [2] . After annealing a Ge covered ZL-sample, the -bands characteristic for a decoupled graphene layer appear where before the ZL was electronically inactive. Most interestingly, two symmetrically doped (n-and p-type) phases are obtained depending on the preparation conditions. A coexistence of the two phases within the graphene sample is possible, so that the engineering of lateral p-n junctions can be attempted and unconventional effects such as Klein tunnelling appear accessible. The (6 √ 3×6 √ 3)R30 ∘ reconstructed SiC(0001) surface was prepared by annealing SiC samples at T=1400
∘ C in an radio-frequency (RF) furnace under an argon atmosphere [3] . Deposition of up to five monolayers (ML) Ge was carried out in ultra-high vacuum (UHV) using a Knudsen cell. Subsequently, the samples were annealed at temperatures between 600 ∘ C and 1100 ∘ C while the intercalation process was monitored by low-energy electron diffraction (LEED) and x-ray photoelectron spectroscopy (XPS). The electronic structure of the graphene layers was investigated by high resolution angle resolved photoelectron spectroscopy (ARPES) at the Swiss Light Source (Villigen, Switzerland). Low-energy electron microscopy (LEEM) and photoelectron microscopy (PEEM) as well as -LEED and -XPS experiments were performed at the MAX Radiation Laboratory (Lund, Sweden). The typical (6 √ 3×6 √ 3)R30 ∘ LEED pattern of the as-grown buffer layer is shown in Fig. 1(a) . It contains sharp spots of the SiC substrate and the graphene like carbon adlayer together with intense superstructure spots which reflect the large commensurate reconstruction of the adlayer ontop of the SiC(0001) surface. The covalent bonding to the substrate is revealed in the C 1s core level spectrum in Fig. 1(b) which -in addition to the SiC bulk peak -exhibits two components which correspond to carbon atoms in the buffer layer with (S1) and without (S2) chemical bond to the SiC substrate, respectively [4] . Deposition of 5 ML of Ge and subsequent annealing to 720
∘ C results in a complete disappearance of the initial (6 √ 3×6 √ 3)R30 ∘ reconstruction as evident from the LEED pattern in Fig. 1(c) . In the C 1s core level spectra the S1 and S2 components are now converged into a single sharp peak (G) resembling pristine 2 -hybridized carbon in free-standing graphene, and the signal of the SiC substrate is significantly reduced (See Fig. 1(d) ). Obviously, the Ge atoms migrate under the buffer layer, thereby break its covalent bonds to the Si atoms of the SiC substrate, and the reconstruction of the carbon layer is lifted.
The electronic band structure around theK-point of the graphene Brillouin zone was measured for different stages of the intercalation and annealing process. The initial buffer layer is electronically inactive and shows no graphene-like -bands. Intercalation of germanium at the interface with SiC leads to the appearance of sharpbands as expected for pristine graphene as shown in Fig. 2 . We find that depending on the preparation conditions (differences in the initial Ge coverage or annealing temperature) the decoupled graphene exhibits two stable phases characterized by p-or n-type doping, cf. ∘ C inverts the doping to an electron type with a concentration of n=4.8 ⋅ 10 12 −2 . As judged from Ge 3d core level spectra (not shown) annealing is accompanied by a gradual loss of germanium from the surface until it vanishes above 1020 ∘ C. Hence, the two phases should correspond to different amounts of intercalated Ge atoms. Indeed, both phases can be prepared at the same temperature of T=720 ∘ C simply by varying the initial germanium coverage. From XPS we estimate intercalation of approx. one monolayer of Ge atoms (for Ge: 1 ML=7.4 ⋅ 10 14 −2 ) necessary for the n-phase while about two monolayers of Ge are required in order to produce p-type graphene. At the same time we note that the probability of the intercalation is not 100 %. So, deposition of Ge corresponding to around 3 ML thickness results in n-type graphene after intercalation while thicker films lead to a p-type doping. Presumably during the annealing process Ge partially sublimates from the surface. Interestingly, a coexistence of the p-and n-doped graphene band structures, i.e. of p-and n-doped graphene regions on the surface, can be generated at intermediate temperatures as shown in Fig. 2(c) . This observation implies that a lateral structuring of p-n junctions can be induced in epitaxial graphene by controlling the composition of the interface. Moreover, the p-n junctions induced by a varying degree of Ge intercalation display a nearly symmetric charge distribution (see Fig. 2(c) ). The reason for the development of the two distinct phases can only lie in the different thickness of the interfacial Ge layer. A doping effect of Ge droplets can be ruled out, since droplets are only occasionally present on top of graphene as controlled by monitoring possible oxidation in the Ge 3d core level after exposing the samples to ambient conditions. Also, a covalent interaction of the Ge with the graphene layer is absent as judged from the C 1s core level spectra.
LEEM micrographs taken before and after the intercalation process are shown in Fig. 3(a) and (b) . On the initial sample ZL-regions extend homogeneously over surface terraces of the order of several micrometers in width. Only very small inclusions (<3 %) of ML graphene (dark grey lines in Fig. 3(a) ) are observed along the terrace step edges. After the intercalation (Fig. 3(b) ) the microstructure of the terraces remains principally unchanged. LEEM reflectivity curves [5] as shown in Fig. 3(c) clearly demonstrate the development of a quasi-free graphene monolayer on these terraces upon intercalation. While the initial (6 √ 3×6 √ 3)R30 ∘ surface has a fairly flat featureless spectrum, the decoupled layer exhibits a dip in the electron reflectivity at energies between 2 and 3 eV as expected for ML graphene [1, 5] . The similarity of spectra obtained from different terraces on the sample (boxes shown in panels (a) and (b)) corroborates the homogeneity of the decoupled graphene layer.
Insight into the mechanism of the germanium penetration can be obtained by LEEM measurements carried out in situ during the annealing process. The series of micrographs in Figs. 3 (d)-(f) shows that the intercalation process proceeds fast over a complete terrace, while at the terrace edges it appears to be kinetically limited until an initiating transformation step occurs. The surface was quenched during the intercalation process in order to reveal the microscopic details of the transformation. A characteristic image of the incomplete intercalation process is shown in Fig. 3 (g) . Three characteristic areas are distinguished by the contrast and can be identified by -LEED snapshots. The dark area corresponds to an unconverted surface (covered with Ge) as it shows the full (6 ∘ and the (1×1) graphene diffraction patterns, indicating an inhomogeneous transition. The transition region consists of densely packed grains of approx. 50 nm in size which, presumably, are small areas where the germanium is already intercalated and is covered with graphene islands. With time these intercalation seeds anneal out and gradually coalesce into a continuous graphene layer when the transformation is completed, cf. Fig. 3 (b) . This suggests that the intercalation process proceeds by rupturing the domains of the initial (6 √ 3×6 √ 3)R30 ∘ layer which provides a pathway for local in-diffusion of germanium to the interface. In such a way no macroscopic diffusion of germanium takes place in contrast to conventional intercalation processes in graphite. At the same time the mobility of carbon species on top of the germanium layer is high and allows complete healing of the graphene grains. Apparently, this intercalation mechanism is favored on the buffer layer graphene due to its higher chemical reactivity with respect to that of pristine graphene. Indeed, the presence of a significant number of 3 -like coordinated carbon atoms makes the layer more susceptible for chemical reactions.
As described above further annealing reverts the doping of graphene from p-to n-type. This process coincides with a partial loss of germanium from the surface as observed by XPS, i.e. a partial de-intercalation. The mixed p/n-phase appears to be particularly interesting as it represents a coexistence of lateral graphene p-n junctions on the surface. In Fig. 4 we compare the LEEM micrographs taken at the same position on the sample of the initial p-phase graphene (panel a) and after nucleation of the n-phase graphene upon annealing to 820 ∘ C (panel b). Surprisingly, the process is not initiated at the step edges but rather on the terraces as seen in Fig. 4(b) . Roughly circular islands of 100 nm or less in size of the n-doped graphene appear to be embedded in the pdoped graphene terraces. As the annealing temperature increases the n-doped areas grow in size and begin to coalesce thus forming extended regions as shown in Fig. 4(c) taken at a later stage of de-intercalation. A PEEM micrograph of the Ge 3d core level taken at the same location is shown in Fig. 4(d) . There is a significant contrast in intensity of the Ge 3d core level signals for the two graphene phases and hence, the amount of germanium located underneath graphene layer is notably different. As noted above, the n-phase is characterized by a thinner interfacial Ge layer than the p-phase. The equivalence of the surface features imaged in PEEM and LEEM is quite obvious in Figs. 4(c) and (d) . We note that in both phases (n and p) one can still observe fractional order spots of the (6 √ 3×6 √ 3)R30 ∘ periodicity (see Figs. 4 (e,f) ), however, much weaker than for the initial, reconstructed surface (compare to Fig. 1(a) ). These spots can be attributed to the double diffraction of electrons at the atomic potential of the substrate and the graphene lattice, even in the absence of reconstruction. They are inherent for any epitaxial SiC-graphene system with the (6 √ 3×6 √ 3)R30 ∘ registry of substrate and adlayer due to the strong scattering cross section of low energy electrons. In the present case, however, they appear very weak due to additional attenuation by the germanium layer. As we can also see from the -LEED patterns the interfacial Ge-layer does not produce any additional reconstruction in either case.
The lack of preferential desorption of germanium atoms from the step edges during de-intercalation is surprising, since the diffusion coefficients for intercalants along the basal plane are generally several orders of magnitude higher than those perpendicular to graphene planes. The latter requires formation of substitutional sites (point defects) in the graphene plane which is energetically much more costly. In fact, we find that the eventual pattern of p-n areas to some extent depends on the cooling speed which supports the idea that Ge atoms are mobile underneath graphene at quite low temperatures. Apparently, after completion of the intercalation process (pphase in Fig. 3 (b) ) no germanium out-diffusion is allowed at the steps that suggests continuity of the freestanding graphene islands over the neighboring terraces. This is also supported by the occasional observations of strain relaxation pleats in the decoupled graphene film formed after cooling that in many cases run across substrate steps (not shown). The present results indicate that the loss of germanium at temperatures above 800 ∘ C occurs via formation of Ge interstitial sites in the graphene lattice with their subsequent sublimation from the surface.
In conclusion, ultrathin germanium buffer layers can be introduced at the interface between the (6 √ 3×6 √ 3)R30 ∘ -reconstructed layer and the SiC(0001) surface by atomic intercalation. The dilated interface decouples the (6 √ 3×6 √ 3)R30 ∘ layer from the SiC surface and recovers the electronic structure of graphene. A quasi-free standing graphene monolayer develops and shows moderate p-or n-doping depending on the amount of Ge intercalated. The transformation from the p-to the n-doped phase develops on a 100 nm scale so that mesoscopic lateral p-n junctions can be fabricated on epitaxial graphene.
